The interaction between two Lewis "superacid" catalysts Zn(OTf) 2 and In(OTf) 3 and series of amide and phosphate ligands is quantitatively characterized by electrospray ionization mass spectrometry (ESI-MS). A specific feature of the ESI-MS spectra of the mixture of metal triflates and Lewis bases is the formation of ionic adducts resulting from the displacement of one triflate anion by two neutral ligands. A ligand competition model is developed, which describes the relative intensities of the ionic adducts as a function of relative ligand concentrations. The relative affinities deduced from the ligand competition method are combined in an affinity scale for the metal triflate.
Introduction
T he experimental study of the structure and reactivity of gas-phase organometallic species by mass spectrometry (MS) has aroused a great interest with the advent of new mass analyzers and new ionization sources, especially those operating from the condensed phase [1] [2] [3] . Electrospray ionization (ESI) occupies a central position in the strategy for establishing a connection between the metal-containing ions existing in solution and those observed in the gas phase. A large part of these works aims at the search for mechanisms of the catalytic processes, and ESI has boosted the progress toward the characterization of elementary steps associated with organometallic catalysis, see for example [4] [5] [6] [7] . In this communication, we propose an ESI-MS method for establishing quantitatively the relative affinity of organic ligands for the metal centers in triflate salts.
Metal trifluoromethanesulfonates M(OTf) n (or triflates, Tf0CF 3 SO 2 ) behave as strong Lewis acids, and are occasionally called "Lewis superacids." Their powerful catalytic properties are exploited in many synthetic processes [8, 9] , and their rational use will definitely benefit from a better understanding of their coordination ability. We recently established an ESI method for obtaining distinctive mass spectra of a series of metal triflates and triflimides M(NTf 2 ) n [10] . By adding strongly basic ligands to these salts in nitromethane, we observed an efficient generation of positive ions corresponding mostly to the displacement of one anion ( 2 ]. The relative intensities were interpreted as a ligand competition for the metal center [11] . We report here a quantitative interpretation of the concentration effect on the relative intensities of these three ions.
Experimental
Experiments were performed on a quadrupole ion trap instrument. (LCQ Deca; Thermo Fisher Scientific, Courtaboeuf, France, Xcalibur software). The basic ESI conditions were: flow rate 3 μL/min; ESI voltage: 3.1 kV; capillary temperature: 200°C; drying and nebulizer gas: nitrogen; m/z range 50-2000. Organic ligands solutions were prepared from materials of commercial origin (Sigma-Aldrich-Fluka, Saint Quentin-Fallavier, France) used without further purification. Stock solutions of ligands and metal triflate at 3 10 -3 molL -1 in nitromethane were mixed to provide a final solution in the adequate concentration ratio. Details of the experimental procedure are available as Supporting Information (SI).
Results and Discussion
We address here the problem of extracting quantitative information from the ESI spectra of metal triflate/ligands mixtures. The representative cases of interaction between two metal triflates (zinc(II) and indium(III)) and two series of organic ligands (six amides and four phosphates) were examined. In our approach, it is assumed that neutral ligands A and B displace totally and rapidly one triflate anion by fixation of two molecules, either 2 A, 2 B or (A+B), on the metal center of the triflate salts M(OTf) n (n 02, 3), Equations (1), (2) When ligands A and B are of comparable affinity for the metal center, two simultaneous equilibriums between the three charged species may be reached, Equations (4), (5) . By combining these equations, a formal double exchange equilibrium (6) may be written:
According to Trage et al. [12] , a concentration ratio 1:2:1 for the three ions [M(A) 2 2 (OTf) n-1 ] is expected when ligands A and B have the same affinity for the metal center and are at the same concentration. Assuming proportionality between initial ion concentrations in solution and ion intensities after transfer in the gas phase, 1:2:1 relative intensities of the three ions should be observed in the mass spectrum, as represented schematically in the upper spectrum of Figure 1 . Experimentally, such triplets are indeed observed [11] , as shown in the experimental spectra Considering the analogy of the affinity with an equilibrium constant (see SI), α values were converted in logarithmic values (which are additive) and combined for obtaining relative affinity scales for the amide and phosphate series, relative to zinc and indium triflates. The affinity scales for the two ligand series reacting with Zn(OTf) 2 and In(OTf) 3 are reported in Table 1 . The amide and phosphate scales are presently not quantitatively connected, but preliminary measurements indicate that phosphates are stronger bases than amides, and that the strongest amides present affinities close to those of the weakest phosphates. The observed ions are initially in solution, and their quantitation by ESI-MS may introduce a bias in the concentration ratio. As suggested by the conclusion of the Di Marco and Bombi review [13] on metal/ligand equilibria, the ionization efficiencies can be reasonably assumed to be very similar for ions of general formula
In another recent approach of ESI ionization efficiency, Traldi and coworkers stated that ion mobility in the liquid phase, which depends essentially on the analyte dimension and charge state, is a critical parameter [14] . Considering that singly-charged ions of similar shape and size are observed, ion mobility should not produce a significant discrimination between ESI intensities within the ion triplet used for affinity quantitation. Even if the kinetics of exchange are close to the diffusion limit, it is unlikely that the initial equilibrium will shift on the time-scale of the ESI droplets formation, transport and ion desolvation [15] , the duration of these processes being of the order of the millisecond [14] [15] [16] .
Finally, the successful application of our model in describing the intensities of the [M(A) 2 The relative affinity parameter α, which was derived from our model, appears as a kind of equilibrium constant. The associated thermodynamic values are only approximate because the solution is at room temperature, the later being not strictly controlled. The question of the "temperature" (or internal energy distribution) of completely desolvated ions has been addressed in several studies, see for example the references cited by [17] . Ion excitation in ESI is essentially produced by collisions of the charged droplets and the resulting ions with the drying gas molecules during the desolvation step (including the passage through a heated capillary in our instrument), especially during their acceleration period before entering the mass analyzer, but these considerations are clearly not relevant to the temperature of the initial liquid phase. If we admit that the kinetic of exchange reactions in Equations (4,5) is sufficiently slow, i.e. "frozen" on the millisecond life-time of the droplets and the resultant ions, the conclusion is that we actually observe the ion composition at the temperature of the solution.
From the equivalence between α and equilibrium constants, an order of magnitude of the corresponding relative Gibbs energies (−RT∑lnα) for the interaction between each family of ligands and the two Lewis acid can be estimated in the range 8-12 kJmol -1 . The zinc and indium triflates give almost the same ranges and affinity orders for amides and phosphates. This is likely the result of the similarity of the ion size (ionic radii) and metal−oxygen bond distances [18] [19] [20] . The magnitude of these substituent effects is comparable to what is observed for adduct formation with Li + in the gas phase and with BF 3 in solution [21] . The N-methylation effect when going from MeCONHMe to MeCONMe 2 causes an affinity increase of about 1.2 log units (equivalent to~3 kJ mol -1 ) for zinc and indium triflate adducts (Table 1) , to be compared to 5.7 kJmol -1 for Li + cation basicity [21] . Gas-phase lithium cation basicity (LiCB0Gibbs energy of dissociation of Li + /ligand adduct) is a useful parameter for comparison, because it is free from solvent and steric effects. The regular increase of LiCB as a function of alkyl size in alkylamides indicates the action of a stabilizing polarizability effect [22, 23] , which may be attenuated by solvation in our cases.
Overall, there is no precise correlation between our affinity parameter and LiCB. The primary benzamides appear to be stronger ligands than the secondary and tertiary alkylamides. The relatively stronger affinity of primary amides toward Zn(II) and In(III), compared to N-alkylamides, may be due to the easier approach of the metal by the less sterically demanding primary 3 P moiety in TPP is undoubtedly more sterically demanding than (MeO) 3 P in TMP [24] , and this effect dominates the indium adduct behavior in the phosphate series, although the affinity increase as a function of alkyl size indicates a stabilizing polarizability effect, as in the amide series. In the gas phase, the LiCB order is (BuO) 3 PO (estimated) 9(PhO) 3 PO ≥(EtO) 3 PO 9(MeO) 3 PO [21] . As no steric effect is expected for 1:1 adducts of the Li + cation, the position of (PhO) 3 PO in the metal triflate scales indicates a competition between the stronger electron-withdrawing effect of the phenoxy relative to the alkoxy groups [25, 26] , and the larger polarizability of the phenyl relative to the smaller alkyls.
Conclusions
This communication presents a quantitative approach of the relative strength of interaction between different ligands and two metal triflates known for their catalytic activity. The displacement of one anion of the salt by two neutral ligands is observed by ESI-MS. When two different ligands are competing for the metal center, two simple relationships generate an affinity ratio which is an estimate of the relative affinity of the ligands for this metal center. The method appears to be applicable to a range of Lewis superacids [10, 11] , as well as other ligands representative of reactive substrates, and expands the possibility of ESI-MS to solve solution chemistry problems [27] . Density functional theory calculations are currently carried out as an aid for the interpretation of structural effects on the Lewis acid/base interactions, and for the calibration of the affinity scales into energy scales.
